In Eukarya, N glycosylation involves the actions of enzymes working on both faces of the endoplasmic reticulum membrane. The steps of bacterial N glycosylation, in contrast, transpire essentially on the cytoplasmic side of the plasma membrane, with only transfer of the assembled glycan to the target protein occurring on the external surface of the cell. For Archaea, virtually nothing is known about the topology of enzymes involved in assembling those glycans that are subsequently N linked to target proteins on the external surface of the cell. To remedy this situation, subcellular localization and topology predictive algorithms, protease accessibility, and immunoblotting, together with cysteine modification following site-directed mutagenesis, were enlisted to define the topology of Haloferax volcanii proteins experimentally proven to participate in the N-glycosylation process. AglJ and AglD, involved in the earliest and latest stages, respectively, of assembly of the pentasaccharide decorating the H. volcanii S-layer glycoprotein, were shown to present their soluble N-terminal domain, likely containing the putative catalytic site of each enzyme, to the cytosol. The same holds true for Alg5-B, Dpm1-A, and Mpg1-D, proteins putatively involved in this posttranslational event. The results thus point to the assembly of the pentasaccharide linked to certain Asn residues of the H. volcanii S-layer glycoprotein as occurring within the cell.
It has long been recognized that Archaea originating from a variety of diverse environments are able to N glycosylate numerous proteins (see reference 7 and references cited therein). Indeed, the first noneukaryal N-glycosylated protein described was derived from an archaeal source, i.e., the S-layer glycoprotein of the halophilic archaeon Halobacterium salinarum (15) . Still, little is known about the pathway responsible for the covalent attachment of glycan moieties to certain Asn residues in archaeal glycoproteins. Of late, however, steps aimed at remedying this situation have been taken. In both the halophilic archaeon Haloferax volcanii and the methanogen Methanococcus voltae, genes involved in the N-glycosylation process have been defined (1-3, 5, 21, 28) . Additional insight into the archaeal version of this posttranslational modification has come with the development of an in vitro assay to test Pyrococcus furiosus Stt3/AglB activity (11) and the recent solution of the three-dimensional structure of the C-terminal soluble domain of the protein (9) , thought to comprise the sole unit of the archaeal oligosaccharide transferase (1, 5) .
Thus, while progress is being made in identifying the different enzymes responsible for the various steps leading to archaeal N glycosylation, little is known about the topology of such reactions. Archaeal N glycosylation is thought to share steps with the parallel processes in Bacteria and Eukarya (1, 4, 9, 13, 27) . In Campylobacter jejuni, the sole bacterial species for which the N-glycosylation pathway has been delineated, a heptasaccharide is assembled from soluble nucleotide-activated sugars onto a cytoplasmically oriented lipid carrier present in the plasma membrane. The oligosaccharide-charged lipid is then "flipped" across the membrane to face the cell exterior, where the glycan moiety is transferred to certain Asn residues in target proteins by the actions of PglB, the oligosaccharide transferase in this species (for reviews, see references 23 and 25) . In Eukarya, such as Saccharomyces cerevisiae, N glycosylation also begins with the assembly of cytoplasmically located, soluble nucleotide-activated sugars into a heptasaccharide chain of defined composition on a lipid carrier associated with the cytoplasmic face of the endoplasmic reticulum (ER) membrane. Once assembled, the lipid-charged heptasaccharide is reoriented, such that the oligosaccharide now faces the ER lumen. Next, an additional seven sugar subunits, each derived from its own individual lipid carrier, charged on the cytoplasmic face of the ER membrane and flipped to face the ER lumen, are added to yield a 14-member oligosaccharide. This oligosaccharide is now transferred, en bloc, to certain Asn residues of a nascent polypeptide translocating into the ER, via the actions of the multimeric oligosaccharide transferase complex (for reviews, see references 4 and 8).
In the case of archaeal N glycosylation, comparatively less is known about the topology of the process. Based on studies following the modification of cell-impermeable peptide reporters of N glycosylation (14) or through the use of bacitracin, an antibiotic that interferes with the regeneration of the dolichol pyrophosphate oligosaccharide carrier presumably used in archaeal N glycosylation (26) , the transfer of lipid-linked oligosaccharides to target proteins was assigned to the external surface of the archaeal plasma membrane. In contrast, the biosynthesis of nucleotide-activated sugars in Archaea, likely recruited for N glycosylation, has been shown to occur in the cytoplasm (17, 18) . Thus, apart from the first and last phases of the process, virtually nothing is known about the topology of archaeal N glycosylation. Accordingly, the topologies of both proven (i.e., AglD and AglJ) and putative (i.e., Alg5-B, Dpm1-A, and Mpg1-D)
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Predicted topology of proteins putatively involved or proven to participate in H. volcanii N glycosylation. As a first step in delineating the topology of components of the H. volcanii N-glycosylation machinery, both sequences of proteins puta- The various topology prediction programs were next employed to define the subcellular localization of the five proteins considered. Accordingly, Alg5-B was predicted to be a cytoplasmic protein by all of the programs consulted, while Mpg1-D was predicted to lie within the cytoplasm by three of the five topology programs. The other two programs predicted Mpg1-D to be a singly spanning membrane protein, with its N terminus found either inside or outside the cell. In contrast, AglD, AglJ, and Dpm1-A were all designated as membrane proteins, spanning the membrane at least twice, by all five algorithms.
Using proteinase K accessibility to define protein topology. To work toward experimentally verifying the various computerbased predictions, chimeras were generated at the DNA level between the H. volcanii protein of interest and the C. thermocellum CBD, with the CBD moiety being linked to the N terminus of each H. volcanii protein. The presence of the CBD moiety allows both for cellulose-based affinity purification in a reaction compatible with the molar salt concentrations in which H. volcanii exists and for identification of the chimeras using anti-CBD antibodies (10, 19) . Moreover, by having the CBD entity attached to the presumed cytoplasmic N-terminal residue of the H. volcanii protein in question, one would expect that any possible complications arising from having to deliver the CBD moiety across the plasma membrane would be avoided. As revealed in Fig. 1 , the CBD fusion proteins were all expressed by H. volcanii cells transformed with plasmids encoding the various chimeras, as reflected by cellulose-based purification from cell lysates followed by Coomassie blue staining (Fig. 1A) or immunoblotting using anti-CBD antibodies (Fig. 1B) . Based on the deduced amino acid composition of the H. volcanii sequences in question, combined with the contribution of the attached 17-kDa CBD moiety, protein species with apparent molecular masses of 85, 50, 45, 61, and 61 kDa were predicted to be cellulose purified from extracts of cells transformed to express CBD-AglD, CBD-AglJ, CBD-Alg5-B, CBD-Dpm1-A, and CBD-Mpg1-D, respectively. Analysis of the Coomassie blue-stained gels and immunoblots indeed revealed bands of the expected size in the cases of CBD-AglD and CBD-Alg5-B. In the case of CBD-Alg5-B, however, some breakdown of the chimera was detected. In contrast, CBDAglJ migrated as a band with an apparent molecular mass of 61 kDa, CBD-Dpm1A as a band with an apparent molecular mass of 72 kDa, and Mpg1-D as a band with an apparent molecular mass of 85 kDa, i.e., some 10 to 25 kDa heavier than predicted based on sequence considerations. The slower migration of halophilic proteins in SDS-PAGE, often leading to an overestimation of their molecular mass, is, however, a well-known phenomenon (see, for example, references 20 and 22) .
To begin defining the topology of those chimeras containing the different H. volcanii proteins under consideration, cells expressing the various CBD-linked proteins were challenged with proteinase K under such conditions that only externally exposed domains of the protein were accessible for proteolytic digestion. To define such conditions, cells of the H. volcanii WR341 background strain were exposed to 1 mg/ml proteinase K for up to 3 h, with aliquots being removed every 30 to 60 min. The levels of markers for the external cell surface and the cytoplasm were then analyzed by SDS-PAGE and Coomassie blue staining or immunoblotting. Under such conditions, the externally facing S-layer glycoprotein, as revealed by Coomassie blue staining, was readily digested after 1 h. In contrast, the level of SRP54, a component of the H. volcanii signal recognition particle (24) that served as a cytoplasmic marker, was not affected by the added protease, as detected in immunoblotting using anti-SRP54 antibodies ( Fig. 2A) .
H. volcanii cells expressing the various CBD-based chimeras were similarly challenged with proteinase K and subsequently probed in immunoblots using anti-CBD serum (Fig. 2B) after cellulose-based capture. In all cases, the CBD moiety attached to the H. volcanii protein of interest was protected from proteolysis (as reflected by maintained antibody labeling), pointing to the cytoplasmic localization of the N terminus of each H. volcanii protein considered. In the case of CBD-AglJ, CBDAlg5-B, and CBD-Mpg1-D, the entire chimera was fully protected from the effects of proteinase K. In contrast, the apparent molecular masses of CBD-AglD and CBD-Dpm1-A were reduced following proteolytic treatment. In the case of CBDAglD, the initial 85-kDa protein was transformed into a 71-kDa species over the course of the 3-hour protease challenge, while with CBD-Dpm1-A, the starting 61-kDa chimera was partially digested to yield a 56-kDa protein. Finally, to confirm that the proteinase K digestion patterns obtained did not reflect inherent protease resistance of the CBD-tagged H. volcanii proteins, the proteolysis was repeated, but this time after the transformed cells had been first incubated with 1% Triton X-100 so as to compromise membrane intactness. The results obtained reveal that proteinase K was able to fully digest each chimera if given free access (Fig. 2C) .
The protection of CBD-linked Alg5-B from proteolysis lends support to the bioinformatics-based consensus prediction of Alg5-B being a cytosolic protein. Similarly, the failure of added protease to digest Mpg1-D or its N-terminally fused CBD group is in agreement with those algorithms that predicted the protein to also reside in the cytosol. It is thus not likely that Mpg1-D is a membrane protein (as assigned by two of the topology prediction programs considered), with an internal N terminus and an extracellular domain (residues 317 to 411). The observation that proteinase K treatment partially digested CBD-AglD and CBD-Dpm1A while apparently not compromising CBD integrity, as judged by the preserved ability of anti-CBD antibodies to recognize this moiety, also confirms the bioinformatics-based predictions assigning the N terminus of each of these membrane proteins to the cell interior. The observed shift in apparent molecular weight of CBD-AglD and CBD-Dpm1A following protease treatment is thus likely due to digestion of an externally exposed segment of the H. volcanii component of each chimera. Finally, the bioinformatics-based predictive tools assigned AglJ as a membrane protein with its N terminus either oriented toward the cell interior or exposed to the exterior. The failure of proteinase K to digest the CBD moiety of CBD-AglJ thus points to the N terminus of AglJ as residing within the cytosol. The failure of proteinase K to digest the extracellular segment of AglJ (residues 251 to 265) may be due to steric considerations.
Using cysteine-modifying reagents to define protein topology. To either confirm or distinguish between the various scenarios proposed above, as the case may be, the topologies of the different CBD-tagged H. volcanii N-glycosylation pathway candidates or participants were next considered by an alternative approach. In these experiments, the accessibility of cysteine residues for interaction with the membrane-permeating cysteine-modifying reagent [
14 C]NEM or the non-membranepermeating cysteine-modifying reagent AMS was addressed. Since AMS reacts only with externally exposed cysteine residues, pretreatment with AMS would prevent any subsequent labeling of surface-exposed cysteine residues of the CBDbased chimeras by canii proteins offers an elegant approach to delineate protein topology through the identification of those cysteine-containing regions of the protein exposed to the exterior. [ 14 C]NEM radiolabeling of these CBD-based chimeras can be visualized, following detergent solubilization in the presence of excess dithiothreitol (serving as a quenching agent), by cellulosebased purification, SDS-PAGE, and fluorography.
Given our inability to generate a cysteine-lacking version of CBD, preliminary experiments were performed to determine whether the single cysteine residue of the CBD moiety (Cys-55) was accessible for labeling by [ 14 C]NEM. The results show that the CBD that was cellulose purified from [ 14 C]NEMtreated H. volcanii cells transformed to express this moiety, although present at a level that can be visualized by Coomassie blue staining (Fig. 3A, upper panel, lanes 2 to 6) , was not modified by the radiolabeling reagent (lower panel, lane 2). Neither the presence of AMS nor incubation with 1% Triton X-100 altered this situation (Fig. 3A, lower panel, lanes 3 to 6) . Control experiments, however, confirmed the ability of [ 14 C]NEM, at the concentration and conditions used with the CBD-expressing cells as described above, to readily label other, native H. volcanii proteins (Fig. 3A, upper and To experimentally confirm the assumption made above, namely, that both AglD cysteines indeed present the same topological orientation, site-directed mutagenesis was employed to selectively transform either Cys-61 or Cys-176 into alanines. H. volcanii cells transformed to express CBDAglD(C61A) or CBD-AglD(C176A) were challenged with AMS and [
14 C]NEM, as described above. As with the native AglD protein, preliminary incubation with AMS could not prevent later binding by [ 14 C]NEM to either CBD-AglD(C61A) or CBD-AglD(C176A) unless the cells were first solubilized with 1% Triton X-100 [ Fig. 3B , CBD-AglD(C61A) and CBDAglD(C176A) panels, lanes 2 and 4, respectively]. These observations thus confirm the assignment of the AglD N terminus to the cytosol.
Like AglD, the AglJ component of CBD-AglJ also includes two cysteine residues (Cys-8 and Cys-181). The various topology prediction programs listed above assign both AglJ cysteine residues to an N-terminal segment of the protein exposed either to the cytosol or to the exterior. Given that AglD could be considered a single-cysteine-containing protein, the same initial assumption was made in the case of AglJ, presenting cysteine residues at positions in the polypeptide chain comparable to those present in AglD. This supposition was justified upon cysteine modification, which revealed that neither AglJ cysteine residue was available for AMS-mediated protection against [ 14 C]NEM binding unless membrane integrity was first compromised by detergent treatment (Fig. 3B, CBD-AglJ  panel, lanes 2 and 4, respectively) . As such, these experiments assign both AglJ cysteines and the N terminus of the protein to the cytoplasm.
The distribution of cysteine residues in the Dpm1-A portion of CBD-Dpm1-A presents a more complicated picture. Here, three of the four cysteines of the protein (Cys-62, Cys-131, and Cys-211), along with the N terminus, are assigned to the cytoplasm by the various topology prediction algorithms consulted, with the first transmembrane domain predicted to begin at residue 279. In contrast, Dpm1-A Cys-362 is predicted to lie within a membrane-spanning domain of the protein. Conclusions. Although protein N glycosylation occurs across evolution, much remains unknown of the archaeal version of this universal posttranslational modification. Indeed, many basic aspects of archaeal N glycosylation have yet to be examined, including the subcellular localization of the process. Accordingly, the present research has addressed the topology of proteins known to be involved in N glycosylation in H. volcanii, as well as other proteins suspected but not yet verified as participating in this pathway. Specifically, AglD has been experimentally demonstrated to participate in the addition of the fifth monosaccharide to the pentasaccharide decorating the H. volcanii S-layer glycoprotein (2), while AglJ is involved in adding either the first or second monosaccharide to the pentaglycan (Abu-Qarn et al., unpublished data). Gene deletion, together with mass spectrometry, has also provided preliminary evidence for the involvement of Alg5-B in assembly of this pentasaccharide (Abu-Qarn et al., unpublished data). In contrast, In the present study, three independent approaches were employed to define the topologies of the H. volcanii proteins being considered. Topologies were predicted using five different predictive algorithms, by assessing protease accessibility, and by a cysteine modification protocol. As summarized in Table 2 and Fig. 4 , all three approaches assign both Alg5-B and Mpg1-D to the cytosol. In the case of Dpm1-A, all three approaches assign the N terminus to the cytoplasm, including the putative glycosyltransferase 2 superfamily domain (residues 47 to 210) of the protein. In addition, the results of the bioinformatics and protease accessibility studies describe Dpm1-A as an integral membrane protein, predicted to expose two small loops (residues 293 to 306 and 375 to 389) to the exterior. The latter loop is likely susceptible to the actions of proteinase K, releasing a 34-to 38-residue fragment, as reflected in the transformation of the 61-kDa chimera to an approximately 56-kDa species following challenge with the protease. All three approaches also agree that AglJ corresponds to a membrane protein with an internally oriented N terminus. Indeed, AglJ is thought to contain two transmembrane domains, with only a small 14-amino-acid stretch (residues 251 to 265) being exposed to the exterior. As such, the bulk of the protein is sequestered within the cytoplasm. As proposed based on bioinformatics predictions (2), AglD was shown to present a cytoplasmically oriented N terminus that includes the putative catalytic domain. Considering that AglD is predicted to span the membrane six times (residues 260 to 281, 294 to 312, 377 to 401, 426 to 450, 495 to 519, and 555 to 579) (2), it appears that a third external loop (situated between residues 519 to 555) contains the proteinase K-accessible site, given the loss of a 69-to 105-residue fragment, as reflected in the transformation of the 85-kDa CBD-AglD chimera to a faster-migrating species upon protease treatment. Thus, given the cytoplasmic assignment of the putative active sites of AglJ and AglE (3) and AglD, which are participants in adding the first or second (Abu-Qarn et al., unpublished data), the fourth (3), and the final (2) saccharide subunits, respectively, to the pentasaccharide decorating the H. volcanii S-layer glycoprotein, it appears that pentasaccharide assembly occurs within the cytoplasm.
Apart from evidence assigning the activity of the archaeal oligosaccharide transferase to the external surface of the cell (14, 26) , relatively little was known about the topology of the steps involved in N glycosylation in Archaea prior to this study. The findings reported here thus suggest that the archaeal N-glycosylation process relies on the assembly of oligosaccharides on lipid carriers facing the cytoplasm, as occurs in bacterial N glycosylation and during the first phase of eukaryal glycan assembly in the ER (8, 23) . As such, the basic mechanisms of N glycosylation appear to be conserved in Bacteria and Archaea, becoming more sophisticated in Eukarya. Nonetheless, aspects of the N-glycosylation process may be unique to Archaea. Homology-based searches have thus far failed to predict candidates for the archaeal "flippase" responsible for translocating the lipid-linked oligosaccharide across the plasma membrane prior to oligosaccharide transferase-mediated modification of the target protein, pointing to this N-glycosylation pathway component as being unique to Archaea. Such uniqueness may be related to the unique chemistry of the archaeal plasma membrane. 
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